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ABSTRACT 
OF THE THESIS OF 
Ahmed Abdalla Mohamed Abdelmoaty           for   Master of Science 
       Major: Electronics Engineering 
       The American University in Cairo  
Title: Development of a Hybrid Power Management Unit for Mobile Applications: Solar 
Energy Case Study 
Supervisor: Prof. Yehea Ismail                         Co-Supervisor: Dr. Amr Helmy 
 
Applying photovoltaic power to mobile devices has become a hot area of research 
due to the availability of solar energy. Usage of photovoltaic as the power source for 
mobile devices will enhance device performance. There are many challenges to interface 
photovoltaic energy to mobile loads such as variation of power coming out from 
photovoltaic panels, unregulated voltage and limited power. Maximum power point 
tracking (MPPT) is used in photovoltaic systems to maximize the photovoltaic array 
output power under environmental variations such as irradiation and temperature for 
mobile applications. A power management system is proposed to apply photovoltaic 
harvested energy effectively to mobile or handheld devices while running workloads. The 
proposed system mainly consists of a MPPT block and a Power Distribution Control Unit 
(PDCU). The PDCU allows usage of an AC/DC external in case of insufficient 
photovoltaic power in order to maintain the load running. Different cases of operation are 
handled by the PDCU unit depending on the availability of photovoltaic power, load 
power, battery state of charge and existence of the AC/DC external. In addition, a new 
MPPT algorithm is proposed to provide fast and accurate tracking. Analysis and 
simulation results are provided to demonstrate system functionality and performance 
sensitivity. Moreover, a prototype of the proposed system is still under progress, to verify 
the possibility of building such system. 
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CHAPTER ONE 
INTRODUCTION 
 
p till recently, area, performance, cost, reliability, and testability were 
at the center of micro-electronics research. With the expansion of the 
market of personal portable computing systems and mobile 
communications, users are demanding longer battery life while obtaining higher 
performance and a richer content. Hence, independence from power outlets is becoming 
more and more a vital aspect in a user’s decision to purchase a device. To fulfill the 
requirements of the markets, designers resort to increasing the complexity of their 
designs. As the design complexity increases, the overall power consumption of the 
system increases. The infamous “time to market” adds another constraint on the job of 
designers.   
 Accordingly, several research groups are investigating ways of increasing the 
power outlet independence of the devices. The methods can be categorized into two 
broad families:  
 Power consumption reduction. 
 Power harvesting on the go. 
The first category involves mainly technology and design issues: system 
architecture, voltage scaling, frequency scaling, usage of efficient technologies, are just 
some examples. However this category only prolongs the battery life. The device is still 
dependent on the power outlet. 
On the other hand, power harvesting on the go allows virtually an unlimited 
battery life. Several methods exist to extract power from the ambient environment. While 
electromagnetic waves and keystrokes would be suitable for lower power requirements, 
solar energy and movement are good sources for higher energy demands.  
U 
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Mobility along with battery life has been one of primary demands on computing 
and communication devices such as Tablet or Smartphone. Providing the amount of 
energy necessary for such systems would require using solar energy or movement. 
Photovoltaic (PV) provides an alternative power source to a conventional AC Grid utility. 
As well acclaimed, PV is truly a “green” energy and likely available anywhere. The 
photovoltaic has a higher energy density compared to other “ambient” harvesting 
mechanisms such as piezoelectric. However, there are limited applications or products 
today for PV directly-connected mobile or handheld devices. Besides the power deficits 
between the demand and the harvested energy, there is no simple way such as the “plug-
and-play” model to apply the harvested energy to an existing Tablet or Smartphone. In 
order to achieve this, smart and reliable power management techniques should be 
evolved. In PV based systems, the power management circuitry is considered the brain of 
such systems which is responsible of maintaining the power obtained stable to be 
supplied to the load by analyzing the input power from the solar panel. 
A Power Distribution Control Unit (PDCU) will be proposed in this work that 
will allow an efficient management of the generated power of the solar energy harvested. 
The system will allow a battery independent operation when enough energy is harvested. 
The excess power would then charge the battery. In case of insufficient power, the 
harvesting system would supply as much power as it can and complement it from the 
battery or the AC/DC external. 
In this thesis, a succinct background in addition to the state of the art of the 
domain is presented in chapter 2. In chapter 3, the basic proposed system is presented 
along with initial simulations. The basic proposed system is analyzed with different types 
of load in chapter 4. Consequently, in chapter 5, the proposed PDCU is designed and 
integrated with the full proposed system in addition to a complete simulation of the 
system behavior. Afterward, an overview on a system prototype and its analysis is shown 
in chapter 6, in addition to a direction for future work followed by the conclusion and 
references. 
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CHAPTER TWO 
BACKGROUND AND LITERATURE REVIEW 
 
  
n the first half of this chapter, some fundamental notions of the solar 
harvesting solutions, required to follow the research proposed here, are 
presented. The second half illustrates the efforts of the scientific and 
industrial communities to offer a well tailored solution. Several research groups are 
interested in the problem; some belong to major international companies and others 
pertain to academic research centers.   
 
2.1. Background 
The objective of this study is the application of harvested solar energy to operate 
mobile platforms. Some important technical challenges should be addressed. The nature 
of the solar panels’ generated power differ substantially from this needed by the systems 
to be operated. The power source power (solar panel) is un-conventional; the supplied 
voltage is un-regulated, and the power is limited and varies depending on the 
environmental conditions. On other hand, systems and platforms are considered 
conventional. They are configured to operate at a fixed voltage and designed for a 
maximum power demand. Moreover, chargers and batteries attached to these systems are 
designed with a static and fixed mode of operation. The interfacing of these two 
components that are heterogonous in nature is the biggest challenge. 
 
2.1.1. Photovoltaic Characteristics 
Solar cells can be characterized by two quantities: short circuit current (ISC) and 
open circuit voltage (VOC) described in a graph called I-V curve. This curve presents the 
relation between current and voltage of any solar cell. Solar cells are considered a 
I 
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constant current sources with a limiting output voltage point at which the output current 
is zero. The ideal I-V curve for a solar panel can be represented by a constant current in 
all the voltage range from zero to the open circuit voltage value (VOC) as shown in Fig.1 
[1]. 
 
Fig. 1 Ideal I-V Curve [1] 
The actual I-V curve of any solar panel differs from the ideal one due to the 
internal resistance of solar cells. A realistic I-V curve is shown in Fig.2. The current starts 
with ISC value at zero voltage and it decreases by a small slope then collapses reaching 
zero at VOC. The power graph can be obtained by multiplying current and voltage values 
as shown in blue in Fig.2. The power graph starts by zero then keeps increasing until it 
reaches its maximum value then decreases to zero again. 
 
Fig. 2 I-V & P-V Curves of a Solar Panel 
The temperature and sun intensity have a big effect on altering I-V curves hence 
changing power curve and position of maximum power point. The effect of temperature 
on I-V curve is shown in Fig.3. Increasing the temperature will result in moving the 
maximum power point to left. On other hand, increasing sun intensity will increase the 
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value of short circuit current (ISC); this means shifting I-V curve in the upper direction as 
shown in Fig.4. Hence, one of the basic challenges is the tracking of the maximum power 
point position. It is not a straight forward one; as the point is not fixed and it is dependent 
on the environmental conditions such as temperature and irradiance [2]. 
 
Fig. 3 Effect of Temperature on I-V Curve 
 
 
 
Fig. 4 Effect of Intensity on I-V Curve 
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The maximum power point tracking (MPPT) is a research subject itself. Many 
different techniques for (MPPT) of photovoltaic arrays have been developed and well 
analyzed in literature [3]. One of the most important MPPT algorithms is “Perturb & 
Observe”. In this method, a power regulator, such as buck converter, is used to perturb 
the voltage seen at the photovoltaic array terminals, by changing the duty cycle of the 
buck converter. Then, the photovoltaic array power is observed and compared with the 
pervious measured value of power. The perturbation direction is kept the same until a 
decrease in power is observed, as shown in Fig.5. If there is a decrease in power, the 
perturbation direction is reversed to return back to the maximum power point. Table 1 
summarizes the perturbation and observation possible cases. 
 
Fig. 5 Tracking Maximum Power of a Photovoltaic Source 
Table 1 Perturb Select Based on Observation 
 
 
Another widely used MPPT algorithm is the Voltage MPPT (VMPPT). In 
VMPPT, maximum power point is assumed to be 75% (Voltage Factor Mv) of the open 
circuit voltage of PV. Thus, the method measures the open circuit voltage (Voc) of the 
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PV. Voc is then multiplied by Voltage Factor (Mv) to get the maximum power point. This 
method is considered very simple with low cost; however it is not accurate enough. 
2.1.2. Battery Chargers Basics 
 
Understanding the basics of the other components of the mobile platforms is vital. 
Charger and battery are considered important blocks due to the wide adoption of 
rechargeable batteries for mobile platforms such as cellular phones, tablets, PDAs, etc. A 
charger has three major tasks. The first one is charging, which can be defined as 
transferring charges into batteries. The Second one is stabilizing, by optimizing charging 
rates. The last task is how to terminate the charging process to protect batteries from 
damage in cases of overcharged or undercharged. There are many basic methods used for 
charging batteries. Batteries can be charged using a constant voltage; in this method a 
constant voltage is applied to the battery using a power regulator circuit. Also, charging 
can be done using a constant current by manipulating the voltage applied to the battery to 
feed it with a constant current [5].  
The generic block diagram of any charger is shown in Fig.6. The voltage and 
current control blocks are used to regulate the voltage and current applied to battery by 
controlling the power regulator block [6].  
 
Fig. 6 General Block Diagram of Chargers [6] 
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There are three main types of solar chargers: Maximum Power Point Tracking 
(MPPT) charger, basic chargers and Pulse-Width Modulation (PWM) chargers. MPPT 
chargers use MPPT algorithms to harvest the maximum power supplied by solar cells in 
charging batteries. MPPT algorithm will try to operate at an efficient voltage value; this 
voltage should be higher than battery voltage to be able to charge the battery. Although 
the complexity of the system using MPPT charger is very low compared to other types, 
the system efficiency at the output is high. 
The second type of battery chargers is basic chargers. In which, two on-off 
switches are controlled based on the operation: charging or discharging. There are two 
basic topologies used in basic chargers: shunt and series controller designs. The shunt 
controller is shown in Fig.7. The shunt controller works in two phases; in the first phase, 
the shunt element is open circuit to draw power from PV array to charge the battery 
during which the load switching element is switched off. If the battery reaches a 
maximum voltage which indicates a full charged battery, the PV array is short circuited 
by switching on the shunt element and the load switching element is switched on; so that 
the DC load can draw power from the battery. The blocking diode is used to avoid 
imposing a short circuit on the battery if the shunt element is on.  
 
Fig. 7 Basic Shunt Regulator Block Diagram [7] 
 On other hand, in the series charger, the first switch is connected in series 
between the PV array and the battery as shown in Fig.8. In series topology, the same 
regulation method used in shunt topology for charging and discharging process is used. 
The LVD (Low Voltage Load Disconnect) control block is used in both topologies to 
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disconnect the second switch if the battery voltage becomes low to avoid over 
discharging the battery which can lead to battery short lifetime [7]. 
 
 
Fig. 8 Basic Series Regulator Block Diagram [7] 
 
The last type of battery chargers is the pulse width modulation (PWM) charger 
(shown in Fig.9). PWM charging is becoming a popular charging technique. Unlike the 
basic on-off chargers, the charging current used in PWM chargers is controlled based on 
the battery’s conditions. Using Pulse Width Modulation, the voltage applied to the battery 
can be regulated by switching power devices (PWM Switch). The battery voltage is 
sensed to avoid overcharging the battery. When the battery voltage reaches its maximum 
value, the PWM controller reduces the charging current by controlling the PWM switch. 
The PWM charger provides fast charging with a very high efficiency.  
 
Fig. 9: PWM Charger Block Diagram 
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2.2. Literature Review and Motivation  
 
 A lot of research effort is done in the area of solar energy harvesting for different 
types of applications. In this section, the research existing in the literature, especially for 
mobile applications, is presented. Today’s Mobile device typically consists of a back-up 
battery pack and a DC-DC regulator. There are some half way solutions to leverage the 
conventional infrastructure. For example, one solution is to install a larger “stand-alone” 
battery tank and to get it charged by the solar cell separately without connecting it to a 
load. This is the usage model for some emerging markets where an AC Grid is not 
available or the utility is unstable at times. In this model, the output energy from the 
photovoltaic array is used to charge a battery. The stored energy is used later to derive 
any load as shown in Fig.10. The efficiency of such model is considered low; and its 
complexity high [8]. 
 
Fig. 10: Model of stand- alone system [8] 
Using the same concept, some research work was done by Carlos [1] to develop a 
solar charger for lithium-ion batteries. The block diagram of his entire system is shown in 
Fig.11. In this system, a simple maximum power point tracking algorithm was used, 
known as Voltage MPPT (VMPPT). The algorithm and the control functions for battery 
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charging were implemented on a simple microcontroller. The battery is charged by the 
photovoltaic source depending on the availability of the solar energy, and the load power 
is drawn from the battery. The battery voltage is monitored to keep the battery charged. 
This system provides simple and low cost charger using photovoltaic source, however, 
the efficiency of this system is considered low in some cases.  In this system, if the solar 
power is too low; therefore the load will be running using the battery only. In this case, if 
the battery is over discharged and due to the connection between battery and load; the 
load will be controlled by the battery low voltage which results in a complete failure of 
the overall system. In addition, if the load is drawing large power; this will increase the 
charging time of the battery which can decrease the battery lifetime. 
 
 
Fig. 11: Block Diagram of Solar Charger [1] 
 
Liu et al. [9] proposed a similar solar charger configuration for photovoltaic 
applications. In this work, the battery was forced near the maximum power point of solar 
cells. The MPPT algorithm used in this work is Perturb & Observe to provide simple and 
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reliable charging system. The MPPT algorithm was implemented on a PIC16F877 
microcontroller as shown in Fig.12 [9]. 
 
Fig. 12: Proposed MPPT Solar Charger by Liu et al. [9] 
Similarly, Li et al. presented a simple photovoltaic battery charger (shown in 
Fig.13) [10]. In this proposed work, three modes for charging the battery were used. The 
modes are current limited charging, MPPT charging and constant voltage charging. The 
selection between these modes is done automatically using a smart switch. The current 
limited charging is used to limit the charging current below a certain threshold to protect 
the battery. The second mode, MPPT charging, can track the maximum power supplied 
by the photovoltaic array to charge the battery. The last mode is constant voltage 
charging, in which the battery is charged using a constant voltage and very low current. 
The battery in this mode is considered floating. If the power supplied by the photovoltaic 
array is high, the switch activates the current limited charging mode to limit the charging 
current going to the battery to protect the battery. If the photovoltaic power is not too 
elevated and the battery voltage is lower than the floating voltage, the switch activates the 
MPPT mode to make use of the maximum power supplied by the photovoltaic array to 
charge the battery. The third mode, constant voltage mode is used to charge the battery 
with a small current if the battery voltage reaches the floating voltage. In this proposed 
work, a good utilization of the photovoltaic power is achieved in addition to a good 
protection of the battery.  
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Fig. 13: Block Diagram of the proposed system by Li et al. [10] 
Other research work [11] was done to enhance the performance of battery 
charging process. During battery charging, the battery is disconnected from the load until 
the battery is fully charged. Then, charging process is stopped and the battery is 
disconnected from charging source and load is connected to draw the required power 
from the battery. In this model, a basic series regulation charger is used to control the 
charging and discharging mechanism of the battery. The model uses two switches 
connected on both sides of the battery as shown in Fig.14. The battery can be 
disconnected from the PV source using switch A if the battery voltage reaches a 
maximum value (100% Charged), and it is kept open until the battery voltage drops to a 
minimum value. On other hand, the load can be connected or disconnected to the battery 
using switch B depending on the state of charge of the battery. This mechanism provides 
a good control of the battery to prevent the overcharging and undercharging cases and 
enhances the battery lifetime. However, this model did not consider the cases when the 
load requires higher power than the power can be supported by the battery. In addition, 
the load cannot operate or consume power during the charging periods of the battery. 
Also, there is some power lost from the solar panel during the discharging periods if the 
load is operating as switch A is turned off during these times.  
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Fig. 14: Block Diagram of charge series regulation [11] 
There is another solution for charging batteries, in which multiple and identical 
battery packs are installed in one device. This model is called dual battery storage system. 
In this model, only one battery is active at any instant of time as shown in Fig.15 [12]. 
The addition of an extra battery solves the power problem. However, it contradicts with 
the smaller size and lower weight required by the users. 
 Fig. 15: Dual Battery Systems [12] 
 
Basically, In addition to the challenges associated with the power distribution 
architecture for solar energy based systems, system power efficiency is essential to make 
the alternative power or harvested energy truly useful in the first place (“net power gain 
vs. loss”). 
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MPPT techniques for some specific applications have also been investigated. 
Battery charging under PV source and control were addressed in [13] & [14] where the 
MPPT was applied to minimize the time of the charging of a stand-alone Battery. 
Different circuit topologies and power sensing schemes for PV MPPT control with 
microcontroller design are discussed in [15], [16] & [17] aiming to reduce circuit 
components to simplify power control and to make a more modular design. For example, 
inductor-less charge-pump circuit topology has been applied with a super capacitor for a 
sensor under a renewable energy application. Also, System power management on 
multisource renewable energy is getting more attention [4]. In this topology, many power 
regulators can be connected in parallel allowing many power sources to be connected as 
shown in Fig.16. Considerations on system integration and overall performance under PV 
harvested energy have been discussed in the past. However, they are more toward a 
certain application scenario, which does not address the particular concerns of Mobile or 
Handheld devices. 
 
Fig. 16: Multisource Configuration [9] 
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2.3. Scope of Work 
 
Applying PV to Mobile and Handheld devices due to its wide dynamic workloads 
and the consistent demand on superior performance as well as higher energy capacity are 
considered a promising area of research. In this research work, a complete model for a 
photovoltaic based system targeting mobile applications is presented including modeling 
of photovoltaic array, power regulator and load. In addition, a Source Power 
Management Control Unit (SPMU) is proposed to provide a complete management of the 
available power. The main power source used in this work is the photovoltaic power and 
it is backed up with an AC/DC external in case of insufficient power supplied by the 
photovoltaic source. The SPMU is responsible for tracking the maximum power from the 
photovoltaic source beside battery charging functions. In addition, The SPMU contains a 
power distribution control unit (PDCU) that will be responsible of routing the incoming 
power either to the load or the battery based on the load’s necessary power and the solar 
power. For example, if the solar power is larger than the load’s required power; then the 
solar power is routed to both the load and the battery to charge. On the other side, if the 
load’s power is higher than the solar power; then the solar power is directed to the load 
and the battery will discharge some power to complement the required load’s power. If 
the battery is discharged, the PDCU can use the AC/DC external along with the solar 
power to supply the load power. The complete model of the SPMU is presented with all 
different scenarios.   
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CHAPTER THREE 
THE BASIC PROPOSED SYSTEM 
 
s a Mobile system is powered by an AC/DC adaptor, there is always 
sufficient power supplied to the system load under any possible 
application (defined by product specification). Unlike the conventional 
scenarios, PV harvested power is always limited and varies depending on environmental 
factors and actual load characteristics. A new configuration of system power distribution 
is introduced for a Mobile platform under hybrid power: conventional power input from 
AC/DC adaptor, a Li-ion battery and harvested energy from a PV panel. The “Source 
Power Management Control Unit” (SPMU) in Fig.17 combines the required 
functionalities to accommodate operation with a conventional power source as well as to 
support the use of a renewable unconventional power source. Its main tasks are to 
optimize the harvested power from the renewable source and to effectively distribute and 
partition the available power through the conventional and unconventional sources. 
 
Fig. 17: Hybrid System Power Configuration under PV Harvested Energy 
The SPMU consists of several blocks: maximum power tracking circuit & 
algorithm, the battery charger and the power distribution control unit (PDCU). The 
A 
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battery charger in a typical system would be operating under AC/DC adaptor. In the 
course of this work, an advanced charger incorporating features desired for the use of a 
renewable power source is also incorporated The PDCU performs two major tasks. It is 
responsible for the identification of the availability and type of power sources such as an 
AC Grid or PV panel. The PDCU controls the power distribution and partitioning. 
The first step to realize this system was to build a complete model for the 
proposed architecture. This model should include modeling of the photovoltaic source 
under different environmental conditions, modeling of the power regulator and MPPT 
algorithm, modeling of the PDCU and modeling of the load behavior. Based on model 
simulation, the next step is to build a prototype for the whole system. The modeling of 
the proposed system was achieved in two phases. The first phase objective was to build a 
basic system which includes a model of photovoltaic source, model of MPPT block and a 
simple load. The second phase’s objective was to model the PDCU and integrate it with 
the basic system to obtain the final proposed system. The focus of this chapter will be on 
phase one. In this chapter, the modeling and simulation results of the components of the 
basic proposed system are illustrated. The photovoltaic source model is demonstrated in 
section 3.1, then the basic blocks of SMPU is described in section 3.2.  
 
3.1. Photovoltaic Model 
 
The simple method to model a solar cell is to use a diode, series resistance (Rs) 
and a photo-current source that is a function of light intensity (G) and temperature (T) as 
shown in Fig.18. The value of the photo-current source (IL) is proportional to the light 
absorbed by the photovoltaic cell. The insertion of the diode helps in forming the I-V 
relationship of the photovoltaic cell. Adding a series resistance (Rs) gives more accuracy 
to the model. The model can be more accurate by adding more parameters [2].  
19 
 
 
Fig. 18: Electrical Model of PV 
Using circuits theory, the current (I) produced by the PV can be modeled using 
voltage (V) at it is terminal using the relationship (1). The photo-current source IL 
dependency of temperature and light intensity can be expressed in equations (2)-(4). 
           
        
                                                   (1) 
                                                                 (2) 
         
            
    
                                                 (3) 
   
                
      
                                                   (4) 
Equation (2) shows that IL  is proportional to temperature T with a slope of value 
(Ko), that is obtained  using two points of temperate: T1= 25°C = 298K and T2 = 75°C = 
348K, as shown in equation (4). The value of IL(T1) shows the dependency of light 
intensity (G). In the case of short circuit of the cell, IL should be equal to ISC of the cell as 
there will be no current in the diode branch. This can be seen in equation (3). The unit of 
intensity (G) is Sun.  Sun is equal to 1000 W/m
2
. For example, if G is 5000W/m
2
; it is 
equivalent to 5 Sun. The value of Gnom is 1 Sun; so for example: if Isc(T1) is 0.5A at 1 Sun; 
then IL(T1) will be equivalent to 0.5A / Sun [2]. 
 On other hand, the saturation current of the diode Io can be obtained from 
relations (5)-(8). The parameter n is called diode quality and it is found to be higher than 
1 and less than 2. The typical value of n is found to be 1.3. The Voc(T1) represents the open 
circuit voltage of the cell at T1. The other parameters q, Vg, and k are electron charge, 
band gap voltage (=1.12 eV for silicon) and Boltzman's constant respectively. It is shown 
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from equations (5) and (6) that the relation between Io and T is quite complicated but it is 
a straight forward relation as all parameters are known. The value of Rs can be obtained 
by differentiating equation (1) and evaluating at V=Voc [2]. The equation of Rs is 
described in (7) and (8). 
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                                                        (7) 
Where:                    
 
    
    
        
                                           (8) 
A Simulink model for a photovoltaic array was achieved using these relations as 
shown in Fig.19; the model mainly evaluates the current (I) supported by PV given some 
inputs such as: the voltage at the photovoltaic terminal (V), temperature (T) and Intensity 
(G). 
 
Fig. 19: Model of PV in MATLAB showing inputs/outputs 
 The PV model proposed by [2] is built mathematically and converted to be used 
by the Simulink simulator to be convenient for integration with the whole proposed 
system as shown in Fig.20. The model has an initialization phase, where it assigns some 
initial values for the photovoltaic parameters such as Isc and Voc. The simulation 
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parameters used for this model is summarized in Table 2. These values are selected to be 
closely matched with the values of a real solar cell that will be used in the prototyping 
phase [18]. The PV’s parameters can be adjusted to any existing solar panel easily by 
modifying the parameters in the initialization phase as shown in Fig.21. 
Fig. 20: Block diagram of PV model 
 
Table 2: Values Used for Short Circuit Current and Open Circuit Voltage (a) For 25°C (b) For 75°C 
(a)  
For Temperature 25°C 
Isc 0.65A 
Voc 21.06V 
Imax_P 0.5282A 
Vmax_P 18.0373V 
Max. Power Pm 9.527 Watts 
 (b) 
For Temperature 75°C 
Isc 0.68A 
Voc 17.05V 
Imax_P 0.5624A 
Vmax_P 14.3866V 
Max. Power Pm 8.1 Watts 
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Fig. 21: Initialization Code for PV Model 
The model was tested with different temperature values and sweeping voltage to 
observe the current measured. The simulation results show that the model has a similar 
behavior to the manufactured solar cells. The current-voltage relationship graph for the 
PV model and the power graph are shown in Fig.22. 
 
Fig. 22: I-V and P-V curves of Simulated PV Model 
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 The previous photovoltaic model calculates current based on voltage, i.e. I is 
function of V and I as shown in equation (1). It was found that reversing this equation to 
get V as function of I and V is more convenient and easy to interface with the whole 
proposed system. The model was modified to reverse the relation between I and V, in 
addition to adding a parallel resistance Rp with the diode as shown in Fig.23 to enhance 
the accuracy of the model. By applying KCL at the left side of Rs will give the relation 
(9). Moreover, applying KVL at the output node will give the relation shown in (10). The 
model solves equation (9) to get the value of VD then it substitutes in equation (10) to get 
the output voltage (V). The simulation results show (I-V) and (P-V) curves in Fig.24. The 
insertion of Rp increases the slope of the left side of (I-V) curve [19]. 
         
   
         
  
  
                                             (9) 
                                                                (10) 
 
Fig. 23: More Accurate Model for PV Cell 
 
Fig. 24: (I-V) and (P-V) Curve for the More Accurate Model of PV Cell 
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3.2. Basic Source Power Management Unit (SPMU) 
 
 The second element proposed in this system is the Source Power Management 
Control Unit (SPMU). The SPMU mainly contains three blocks: MPPT circuits and 
algorithm, battery charging functions and Power Distribution Control Unit (PDCU) as 
shown in Fig.17. Key components to the system are power regulator and a maximum 
power tracking block. The power regulator used here is a simple buck converter. The 
main usage of this block is to control the current and the voltage supplied by the PV 
source. As explained before, to track the maximum power of a PV source, voltage and 
current are changed until the maximum power point is reached. This can be done by 
changing the duty cycle of a power regulator. If the duty cycle of the power regulator is 
changed, the current and voltage of PV source will be changed and this will lead to a 
change in power, i.e. moving on a curve of PV as shown before in Fig.5. 
 The design of buck converter used to apply MPPT algorithm is presented in sub-
section 1. In sub-section 2, the modeling of MPPT circuits using a simple MPPT 
algorithm existent in the literature is shown in addition, a new proposed MPPT algorithm 
is proposed.  
 
3.2.1. Buck Converter Design and Modeling 
 
3.2.1.1. Buck Converter Design 
 The buck converter is a step down DC/DC converter as shown in Fig.25. The 
output/input relationship is dependent on the duty cycle (D) used to control the switch as 
shown in relations (11) and (12). This topology can be easily converted to a boost 
converter by switching the position of the switch and the inductor. The periodic switching 
transfers the dynamic power from the input node to the output node, then the loop filter 
rejects the ripples that appears in the output node.  
 The filter doesn't include lossy elements such as resistors to avoid any loss in the 
power transferred; hence enhancing the efficiency of this circuit. On other hand, the 
efficiency of these circuits is not ideal due to the power lost in switching. The cut off 
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frequency of the filter should be smaller than the switching frequency used to avoid 
ripples. According to the relation (13), decreasing the cut off frequency of the filter 
means increasing the values of inductor (L) and Capacitor (COUT) used. The big sizes of 
inductor and capacitor can impose some challenges to the integration of these 
components onto a chip. The input capacitance (CIN) is used to remove the ripples on the 
input voltage. 
 
 
Fig. 25: Buck Converter Circuit Diagram [20] 
 
                                                                 (11) 
                                                                  (12) 
         
 
        
                                                (13) 
 To get the appropriate sizing for the inductor (L), start with the ripple value of the 
current in the inductor (ΔiL) as shown in Fig.26. 
 
Fig. 26: Inductor Current Waveform [1] 
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 During the on time (D), the value of ΔiL can be obtained from equations (14) and 
(15): 
   
  
  
   
  
 
  
 
 
        
 
                                             (14) 
 Then ΔiL can be found as: 
      
        
 
  
         
     
    
      
     
  
          
      
     
                                                  (15) 
 Equation (15) represents the relation between the size of the inductor (L) and the 
amount of ripple that will exist in the current (ΔiL). In the worst case, ΔiL can't be larger 
than (2iOUT). Consequently, by substituting with the value of ΔiL and putting D = 0; to 
obtain the maximum value for Lmin Then rearranging the equation(15) to get equation(16) 
which states the minimum sizing for the inductor size (Lmin) [1]. 
     
    
          
                                          (16) 
 On other hand, it is possible to get the sizing of the output capacitor (COUT) by 
observing the charging and discharging process in the output capacitor. It is assumed that 
the time of each process is identical. In addition, the average current passing in the 
capacitor is equal to zero; which means that average output current (iOUT) will be equal to 
inductor average current (iLavg). 
 
Fig. 27: Inductor current for Charging and Discharging Process in the Output Capacitance [1] 
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 Fig.27 shows the inductor current with times of charging and discharging the 
output capacitor. During the charging time, the value of current was used to charge the 
capacitor is (ΔiL/2) with amount of charge equal to (ΔQ); hence by starting with equation 
(17) of voltage on capacitor to get the ripple value [1]. 
   
  
    
  
 
    
        
 
 
 
 
    
 
   
 
 
 
 
  
   
         
     (17)       
 By arranging equation (17) and substituting with the worst case of ΔiL (2*iOUT) as 
stated before, equation (18) is obtained. The acceptable value for ripple voltage ΔV can 
be considered as 50mV. 
         
    
       
                                          (18) 
 Finally, the same concept is used to get the suitable sizing for input capacitance 
(CIN). This capacitor is charged by the input current during the off-time of the switch (1-
D)*T. Thus the sizing of the capacitor can be obtained from equation (19). 
   
  
   
  
 
   
        
         
   
                      (19) 
 Getting the maximum value at D = 0, thus the minimum input capacitance value 
(CIN) will be in equation (20) [1]. 
        
   
      
                                     (20) 
 It also advised to use an initial value for the input capacitor as 40µF, and then 
trying to adjust the value according to the simulation result; as the input capacitance 
value depends mainly on the impedance of the input source [20]. 
  
3.2.1.2. Buck Converter Modeling 
The next step after designing the buck converter is to build its model using 
Simulink and it should be easy to interface with the photovoltaic model. The model 
proposed by Colorado Power Electronics Center [21] is used with some added 
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modification to be convenient for the integration with the whole system. This model uses 
the basic equations presented earlier for the capacitor and the inductor. It implements 
these equations using Simulink tool. These equations contain the actual values for 
inductor (L) and all capacitor (COUT) that are derived in the previous calculations. The 
non-ideality nature of the elements used in the buck converter circuit is taken into 
consideration such as: inductor resistance (RL) and capacitor resistance (Resr) as shown in 
Fig.28. The main equations used in this model are presented in (21), (22) and (23). 
 
Fig. 28: Buck Converter with Non Ideal Elements [21] 
 
   
  
 
 
 
                                                   (21) 
   
  
 
 
 
                                                        (22) 
                                                      (23) 
 
 
The original model used is shown in Fig.29 which is describing how the previous 
equations are implemented to get a model for a buck converter regulator. This model 
assumes an ideal switching; so there is no implementation for the MOSFET switch used 
in this model. 
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Fig. 29: Simulink Model for Buck Converter [21] 
 
 This model is very simple to use; as all what is needed is to modify the values of 
L and C according to the calculated values. In addition, this model is very easy to 
integrate with the whole proposed system; as the input of this model is the input voltage, 
which it is the voltage coming out from the photovoltaic panel. This justifies the need to 
reverse the photovoltaic model to make the voltage of the photovoltaic as an output to be 
easily connected directly to input port#1 shown in Fig.29. The input current Iin can be 
approximated by equation (24), in which implies that input current is equal to inductor 
current at periods of switching (D). This can be implemented by passing the value of iL 
during (D) times and passing zero at times (1-D); then getting the average of the obtained 
signal to get the value of average input current as shown in Fig.30. The RC time of the 
averaging transfer function reflects on the value of input capacitance (CIN) obtained in the 
previous calculations. 
                                                      (24) 
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Fig. 30: Modified Model of Buck Converter 
  
Finally, the sizing values of all components in the buck topology circuits are 
calculated based on some constants: switching frequency is 100KHZ, The output voltage 
is nearly 5V, and the maximum output current is 8A. The value for each element is 
summarized in Table 3. 
Table 3: Used Values of All Elements in Buck Converter Circuit  
Element Value 
L 3.3µH 
COUT 440µF 
CIN 500µF 
RL 80mΩ 
Resr 5mΩ 
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3.2.2. MPPT Modeling 
 
3.2.2.1. Modeling of Perturb & Observe 
 
The MPPT block investigates the optimum duty cycle corresponding to the 
maximum power point then outputs this value to the buck converter circuit to track the 
maximum power gained from the photovoltaic source. This process can be accomplished 
by different algorithms. In this research work, a traditional algorithm was used then a 
new algorithm for MPPT is proposed. One of the MPPT traditional techniques is “Perturb 
& Observe”; the power is measured and saved as old power. After a small period of time, 
the power is observed again and compared with the old power, and depending on this 
comparison, the duty cycle of the power regulator will be adjusted according to Table 1 
until the maximum power point is reached. This algorithm is considered slow in tracking 
the maximum power point but it works perfectly if there is any change in environmental 
conditions. 
 The MPPT Simulink model that implements the "Perturb and Observe" algorithm 
(P&O) is implemented and it is similar to the one proposed by University of Colorado 
[19]. It uses a simple MATLAB code to implement this function, which is provided in 
Appendix A. This model measures the value of power with a specific sampling time then 
applies the algorithm of P&O to get the suitable Duty cycle. It is then provided to the 
buck converter block. The algorithm was modified to avoid oscillations that happen when 
it reaches the maximum power point, in which it keeps oscillating near this point.  This is 
obtained by imposing a condition that if there is a small change in the power; the old duty 
cycle will be reused. The simulation graph for the P&O algorithm is shown in Fig.31. 
The case, in which the oscillation is avoided, is shown in Fig.32. 
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Fig. 31: MPPT (P&O) Algorithm with Oscillation 
 
Fig. 32: MPPT using Perturb and Observe Algorithm without Oscillation 
 
3.2.2.2. Three Points Parabolic Approximation for MPPT Tracking 
 
 The new proposed MPPT algorithm works in two phases, coarse and fine. In the 
coarse phase, the objective is to estimate the position of the maximum power point 
mathematically. It is observed that the variation of power curve with duty cycle is similar 
to a parabolic graph; it has a single peak and it is decreasing on both sides of this peak. 
This can be done by selecting three points, that are used to predict a parabolic graph 
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similar to the power graph. The maximum point of the parabolic graph will be close to 
the one of the actual power graph. The equation of the estimated parabolic graph can be 
obtained using these three different points and hence the estimation of the maximum 
point can be obtained by differentiating the parabolic equation. After knowing the intial 
estimation of the maximum power position, a fine tracking using Perturb & Observe 
mechanism is used to track the actual position of the maximum power point. 
 The selection of the three points is critical in enhancing the speed of the coarse 
searching phase. If the three points are selected randomly; it will give a bad estimation as 
showen in Fig.33 and Fig.34. It is found by simulation, that selecting three adjacent 
points such that the power value of median point is larger than the other two points will 
results in a very good estimation as shown in Fig.35. 
 Unlike the traditional Perturb & Observe algorithm, the advantage of using this 
algorithm is the fast tracking for the maximum power point. It doesn't have to scan all the 
possible duty cycles, which yields costly especially if the step chosen between each duty 
cycle is small. This algorithm takes the advantage of Perturb & Observe algorithm which 
is accuracy, while enhancing the speed of tracking the maximum power point. 
 
Fig. 33: Bad Estimation Using Three Points on the Right Side of the Actual Power Graph 
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Fig. 34: Bad Estimation Using Three points on the Left Side of the Actual Power Graph 
 
 
Fig. 35: Selecting Three Points with a Good Estimation 
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CHAPTER FOUR 
BASIC SYSTEM ANALYSIS USING DIFFERENT LOADS 
 
n the previous chapter, the model of the photovoltaic source was presented 
in addition to a model for MPPT tracking algorithm with a power regulator 
model. These three blocks can be connected together to form a basic 
photovoltaic system. In this chapter, the behavior of this system is analyzed for different 
types of loads: resistive, current source and a simple battery load model. 
 
4.1. Resistive Load 
 
The best way to understand the behavior of the photovoltaic system with a 
resistive is to examine the (I-V) curve of the photovoltaic source shown in Fig.36. The 
straight lines represent the inverse of the resistance. The red line that passes through the 
maximum power point represents the optimal resistance value at which the maximum 
power of the photovoltaic source will be harvested. However, this optimal case has a 
small chance of occurrence, as the load resistance can be smaller or larger than the 
resistance value of maximum power. 
 
Fig. 36: Illustration of (I-V) Curve and Different Values of Load Resistances 
I 
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The role of the MPPT circuit and algorithm is to change the equivalent resistance 
seen at photovoltaic terminals until it matches the value of maximum power. To highlight 
this behavior, a simple derivation is used along with Fig.37. 
 
Fig. 37: Simple Photovoltaic System with a Resistive Load 
From the buck converter relations, the value of input resistance seen at 
photovoltaic terminal is a function of the duty cycle and output resistance as shown in 
equation (25). From this relation and with the knowledge of the current and the voltage 
values at the maximum power point of the photovoltaic source, it is easy to calculate the 
duty cycle value for a certain value of output resistance. There is a maximum limit on the 
output resistance value that can be used; as the duty cycle cannot be greater than one.  
 
     
    
 
    
           
                                     
    
  
            (25)          
If a certain output resistance exceeds the resistance value (R_Pmax) that 
corresponds to the maximum power (Fig.38), the MPPT algorithm will increase the duty 
cycle (D) to decrease the input resistance seen by the PV until it reaches the optimum 
value. Similarly, if the output resistance was smaller than the optimum value, the MPPT 
will decrease the duty cycle (D) to reach the optimum value as described in Fig.38.  
37 
 
 
Fig. 38: Changing Duty Cycle to Match Output Resistance to the Optimum Value 
Changing the value of output resistance will change the value of duty cycle at 
which the maximum power is found as shown in equation (25). Fig.39 shows two curves 
for the photovoltaic power with changing the duty cycle: one for a resistive load of 1Ω 
whose maximum power is nearly at a duty cycle of 0.2 and the other curve of another 
resistive load of 7 Ω whose duty cycle is 0.45 to get the maximum power. 
 
Fig. 39: Power Curves for Different Resistive Loads 
The three components of the photovoltaic system were integrated on Simulink to 
test this system as shown in Fig.40. First, the system was tested for a fixed value of 
output resistance; then it was tested by changing the load on the fly to test its capability 
of retrieving the maximum power point. This was to emulate the behavior of actual load.  
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Fig.41 shows that the maximum power was tracked until a change happened in 
the load, so the corresponding duty cycle for maximum power will be different. The 
MPPT block starts to increase the duty cycle to search for the new value of duty cycle 
until the maximum power is tracked again. 
 
Fig. 40: Photovoltaic System Model with a Resistive Load 
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Fig. 41: Tracking Maximum Power for Resistive load 
 
4.2. Fixed Current Load  
 
In the previous case, the ratio between the output voltage and the output current is 
fixed which represents the value of load resistance. In this case, the load current is 
constant while the output voltage is varying. Searching for the optimum duty cycle will 
be similar to the resistive case. The duty cycle can be obtained using the value of 
photovoltaic current at which the maximum power happens as shown before in equation 
(25). 
                    
The model is tested with this type of load. In this simulation test, a constant 
current load of value 1A was used; then it was increased slowly with slope of 
0.5A/10msec to reach 1.5A after 10m seconds from this transition. At the beginning, the 
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system tracked the maximum power for a load of 1A until it was reached at the duty 
cycle equal to 0.45 (As                      and considering losses). After the 
increment in the load current to 1.5A, the system took some time to recover; as this 
increment means that the photovoltaic should increase its maximum current which is not 
applicable. The system tracked the new duty cycle at 0.3 as shown in Fig.42. 
 
Fig. 42: Tracking Maximum Power for Current load 
 
4.3. Battery Load 
 
4.3.1. Battery Model 
 
Battery is an essential component in the mobile platforms. A model for the battery 
had to be built to be integrated with the proposed system. The actual model of the battery 
is very complex; as it has a lot of parameters to model the behavior of a real battery. In 
this work, a simple model was built from scratch to simplify the simulation and 
integration with the proposed system. The battery model can be a simple DC offset 
41 
 
voltage, in addition to a large capacitor that can be charged or discharged to mimic the 
behavior of a battery, in addition to a small series resistance as shown in Fig.43 [22]. 
 
Fig. 43: A Simple Battery Model 
The values of these components depend on the load that will be used to derive. 
There are typical values for each components per cell used in the battery. The voltage per 
cell is considered nearly 2.5V; so two cells will be used as the output voltage of the 
whole system is 5V. The value of (RB) can be up to 0.08Ω/Cell, so the value of (RB) is 
0.16Ω. The value of offset voltage (VDC) can be obtained from the typical dead voltage 
which is 1.75V/cell; so the offset voltage (VDC) will be 3.5V [22]. The maximum voltage 
that can exist on the capacitor can be obtained from subtracting the offset voltage from 
the maximum voltage of the battery which is 2.45V/cell; then the maximum capacitor 
voltage will be 1.4V (2*2.45 - 3.5). By assuming a capacity of 2.2Ah for this battery 
model, the value of the capacitor (Cb) can obtained from relation (26). 
    
 
  
  
         
  
 
                             
   
             (26) 
 The two main functions of the battery is charging and discharging. To build a 
model for a battery, the equations of charging and discharging operations must be 
derived. In charging operation, a certain voltage (Vo) is applied at the battery terminals 
that is higher than the offset voltage of the battery (VDC). In this case, the charging 
current (IB-CH) is calculated using equations (27)-(29). On the other hand, for the 
discharging case, the discharging current (IB-DISCH) and the output battery voltage (VB) is 
calculated as shown in equation (30). 
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For charging case, (Vo) is applied to battery terminals, then by applying KVL: 
                                                                (27) 
Capacitor voltage (Vc) can be written as equation (28), where (Vci) is the initial 
voltage on the capacitor. 
       
 
 
                                                        (28) 
Then by substituting with the value of (Vc) and rearranging equation (27) to get 
the equation of (IB-CH). 
      
 
  
             
 
 
                                   (29) 
For Discharging case, the input is the discharging current (IB-DISCH) and battery 
voltage (VB) is calculated by applying KVL taking into consideration that the sign of (IB-
DISCH) is negative. 
                        
 
 
                                  (30) 
The model of the battery was implemented on Simulink by building the charging 
and discharging functions separately; because each function has different inputs and 
different outputs as shown in equations (29) and (30). The implementation of each 
function is shown in Fig.44 (a) and (b). 
 
(a) Charging Function 
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(b) Discharging Function 
Fig. 44: Battery Functions Using Simulink (a) Charging (b) Discharging 
Implementing the two functions of charging and discharging separately makes the 
model eaiser to interface with the whole system. As there is different input for each 
function, the suitable input is passed depending on the running function. The two 
functions can be executed separately and of course not simultaneously. The model 
recognizes the function based on an input signal called “mode” as shown in Fig.45. if the 
mode signal is (1), then the charging function will be executed , and if it is (-1), the 
discharging function is activated. The two functions can run without sharing any values 
between each other except the capacitor voltage. For example, if the charging function is 
running and the capacitor is charged to a certain value, then at time of discharging, the 
discharging function should use the capacitor voltage as an initial value for the capacitor 
voltage to start with and vice versa. This can be done by putting a memory value assigned 
to the capacitor voltage (Vc) and at the end of each function, this value is updated with 
the new value. Then at the beginning of the next function, the updated value is read and 
used in the equation of each function by assigning it to (Vci).  
 
 
 
 
Fig. 45: Battery Simulink Model Showing Inputs and Outputs 
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State of Charge (SOC) parameter is very useful in monitoring the state of the 
battery. It is a complex equation to be used to obtain the SOC parameter, however, it can 
be simplified by assuming a linear relation between SOC and the open-circuit voltage of 
the battery [23]. If the battery is near the dead voltage; then SOC should be very low (< 
10%) and vice versa. With this assumption, the forumla of SOC parameter can be 
obtained by equation (31). The open-circuit voltage of this simple battery model is 
equivalent to capacitor voltage plus the DC offset voltage. If Voc is equal to dead voltage 
value (3.5V) then the SOC will be zero, and if Voc reached the maximum voltage value of 
the battery (4.9V) then the SOC will be 100%. 
     
 
   
                                                    (31) 
The full model of the battery is shown in Fig.46. The figure shows the two 
functions blocks with their enabling condition. The write block function is used to store 
the value of capacitor voltage (Voc) and it is activated at the rising or falling edge of mode 
signal. The read block is used to read the value of (Voc). The read signal is skewed with a 
very small delay; to ensure that the read operation will happen after the write operation of 
the the other function is done completely. The SOC equation is implemented also using 
the open-circuit voltage. The battery safety block is used to disconnect the battery in two 
cases: first case, if the battery is charged above (95%); to avoid over charging cases. The 
second case, if the battery is discharged below a certain limit, this limit is assumed to be 
(15%) to protect the battery from being overdischarged. The battery safety function reads 
the SOC parameter, and if it is higher than 95%, it passes a constant value of the 
maximum charging voltage using multiplexer with selection signal (a). Passing a constant 
value of the charging voltage acts as if the battery is disconnected and kept floating. 
Similary, if the battery is overdischarged below 15%, the selection signal (b) will force 
the second multiplexer to  pass a current of zero value to act as if it is a floating battery.  
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Fig. 46: Battery Full Model on Simulink 
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Fig.47 shows the simulation of the battery model in both charging and 
discharging phases. During charging, the battery is charged by applying a constant 
voltage value (5V), so the battery voltage will increase exponentially as shown. After the 
voltage reaches the maximum allowable voltage, the battery is disconnected by the 
battery safety function and the battery voltage is kept constant to model an ideal floating 
battery. A constant current value of 1A is used to discharge the battery, so the battery 
voltage will decrease linearly in the discharging time until it is over discharged, the 
battery is disconnected hence the battery voltage will be constant in this region. 
 
 
Fig. 47: Simulation of Battery Model 
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4.3.2. Analysis of Battery as Load for PV System 
 
In this part, the behavior of battery model in a photovoltaic system is described. 
The battery model proposed before is integrated with a simple photovoltaic system as 
shown in Fig.48. A mathematic derivation was done to observe the value of duty cycle 
(D) at which the maximum power of a photovoltaic source was found.  
 
 
Fig. 48: Analyzing Battery in a Photovoltaic System 
To get the Duty cycle (D) at maximum power point, assume that the photovoltaic 
source is operating at the maximum point (IPVm and VPVm), then the objective is to obtain 
a closed form for D. The battery charging current can be found by equation (32), and it is 
equal to buck converter output current. 
         
              
  
 
 
  
    
 
                                            (32) 
By substituting with the buck converter basic equations (           and 
          ), equation (33) is obtained. 
    
 
  
               
  
 
 
  
    
 
                                        (33) 
All parameters in equation (33) are known except duty cycle (D). So, by 
arranging it to be a quadratic equation with D as unknown, we obtain equation (34). 
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             .  
 
  
    
 
                               (34) 
Assume that the calculation is done at the beginning (time “t” = small value), then 
the value of  
 
  
    
 
 will be 1 and the final equation will be (35). 
      
                                                             (35) 
The closed form for D can be obtained by equation (36). The negative solution is 
neglected. 
   
                    
              
     
                     (36') 
   
                    
         
     
                              (36) 
Equation (36) represents the value of the duty cycle for a certain battery 
parameters (VDC and Rb) and it also depends on the maximum power value (Pmax) 
supported by the photovoltaic source and the photovoltaic voltage (VPVm) at maximum 
point. The capacitor initial value (Vci) reflects the battery’s charge level, if the battery is 
not charged; then (Vci) will be zero. 
Using this equation to get the value of D with all parameters known (VDC = 3.5V, 
Vci = 0, Pmax= 9.5 Watts, Rb = 0.16Ω and VPVm = 18V), the Duty cycle for this model is 
nearly 0.2. This can be verified by integrating the battery model in the photovoltaic 
system. The simulation result is shown in Fig.49 (a). It is shown that the duty cycle is 
oscillating around 0.2 to obtain the maximum power. Fig.49 (b) shows the open-circuit 
voltage of the battery is increasing but with a small change; because of the small window 
time of simulation was used. 
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Fig. 49: Simulation of Battery Model in PV System (a) Tracking Maximum Power (b) Change in Battery Voltage 
The value of the duty cycle obtained by equation (36) has a limiting condition 
imposed by the fact that the output voltage (Vout) that is applied to the battery should be 
maintained higher than the offset voltage of the battery (VDC); to have a charging 
operation. This condition can be described by equation (37) where minimum output 
voltage is VDC. 
   
    
   
                
        
   
          
   
    
                (37) 
Then by equating the two equations (36) and (37), relation (38) is obtained. 
  
                    
         
     
  
   
    
                    (38) 
Equation (38) can be rearranged to be as shown in equation (39). 
                                                           (39) 
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The condition described in equation (39) was used to avoid the case when the 
output voltage of the buck converter is smaller than the offset voltage of the battery (VDC) 
which is the minimum voltage of the battery to guarantee the condition of charging 
operation. However, this condition is always valid as the offset voltage (VDC) can't be 
greater than the right hand side in all possible values of Pmax and Rb. So, if a battery is 
connected alone to a photovoltaic source to be charged, it is guaranteed that the output 
voltage of buck converter will be greater than the minimum voltage of battery.  
This condition changes if a battery is connected in parallel with a load. This can 
be observed by doing the same derivation for the system shown in Fig.50. 
 
 
Fig. 50: Analyzing a Battery with a Resistive Load in Parallel in PV System 
For this case, the output current will be equivalent to current in load and battery as 
shown in equation (40). 
                       
              
  
 
 
  
    
 
  
    
  
                              (40) 
Then, by substituting with Iout and Vout , equation (41) is reached. 
    
 
  
               
  
 
 
  
    
 
 
    
  
                               (41) 
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Then, equation (41) can be rearranged to be in the form shown in equation (42). 
      
 
  
    
 
         
  
  
            
 
  
    
 
                      (42) 
Also, assume that time t is very small; hence  
 
  
    
 
 will be 1. Then the duty 
cycle for this case can be obtained by solving equation (42) and neglecting the negative 
solution as shown in equation (43). 
   
               
  
  
                  
  
  
 
 
        
     
              (43)                          
Then relation (44) is obtained by equating this formula to the condition mentioned 
in (37). 
   
               
  
  
                  
  
  
 
 
        
     
 
   
    
   (44)         
Equation (44) can be simplified and rearranged to get the final relation stated in 
(45). 
               
  
  
                  
  
  
 
 
               
Then, 
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By squaring both sides, 
               
  
  
 
 
                         
  
  
 
 
 
By expanding the two brackets, 
         
                  
  
  
     
   
 
  
          
          
                  
  
  
     
   
 
  
  
Then by simplifying further, 
                              
  
  
 
Then the final condition can be written as shown, 
   
         
             
                                          (45') 
From equation (45'), the worst case for (Rl) happens when the battery isn't 
charged, i.e. (Vci = 0), so the condition can be reformulated as shown in (45). 
   
       
    
                                                         (45) 
So, the final condition shown in equation (45) puts a limit on the value of load 
resistance to guarantee that the output voltage won't decrease below the minimum 
voltage; hence ensure a proper charging operation. If this condition is not satisfied, the 
duty cycle relation found in (43) will not be valid anymore because the whole derivation 
of duty cycle is based on a proper charging operation starting with equation (40). 
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The intuition behind this condition can be understood from the fact that inserting 
a parallel resistance with the battery allows the resistance to pull the output voltage node 
to ground voltage if its value was small. So, this condition finds the minimum value of 
this resistance that can be used without pulling the output voltage node below the 
minimum voltage of the battery.  
  From the condition stated in (45), the minimum allowed value of load resistance 
in this model is 6.63 Ω. This condition can be verified using the Simulink model. Fig.51. 
shows the simulation results for the model shown in Fig.50 with a load resistance of 10Ω. 
It is observed from Fig.51 (a) that the maximum power is tracked with a duty cycle of 
nearly 0.2. Fig.51 (b) shows that the output voltage is maintained higher than the 
minimum voltage of the battery as the load resistance used in this simulation is greater 
than the minimum value stated by condition (45). On other hand, a load resistance of 1Ω 
is tested. Fig.52 shows that the battery voltage is greater than the output voltage, which 
implies an invalid charging operation. 
 
 
Fig. 51: Simulation of a battery and load resistance in PV System (a) PV Power (b) Output Voltage and Battery 
Voltage 
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Fig. 52: Invalid Charging Operation 
 
In sum, the behavior of photovoltaic source with different load types is studied in 
this chapter to understand the possible limits in each load type, in addition to the 
maximum photovoltaic power tracking mechanism in each load type. This study is very 
useful in building the whole proposed system.  
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CHAPTER FIVE 
MODELING OF THE POWER DISTRIBUTION CONTROL UNIT  
 
he main components in the proposed system are the photovoltaic source, 
the load and the battery. All basic components are studied completely in 
previous chapters. The last component of the proposed system is the 
Power Distribution Control Unit (PDCU). This unit is responsible for routing the required 
power to the load and the battery. PDCU analyses the input from the solar panel and 
maintains the power supplied to the load stable.  
The AC/DC external input is another power source that PDCU can use to power 
up the load in case of insufficient solar power. PDCU should measure some parameters 
such as PV power, load power and battery state of charge. There are different cases based 
on the values of these parameters. For example, if the load is off; the PCU should route 
the power to charge the battery. Another case can happen when the solar power is lower 
than what it is required by the load; in this case the battery or the AC/DC external input 
should be used as a secondary source to supply the remaining power. In this case, a 
proposed mixing mechanism between the solar power and the secondary source power is 
utilized to supply the required power to the load. In general, based on the measured 
values, an algorithm implemented in the PDCU will decide how the PV power is routed. 
The general block diagram of the proposed PDCU is described in Fig.53 showing inputs 
and outputs of this unit. 
 
 
 
 
 
 
 
 
Fig. 53: PDCU Block Diagram 
 
Controlling the load power is required; due to the need to observe different cases: 
the load power is greater or lower than the solar harvested power. The power consumed 
T 
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by a resistive load is varying according to the voltage value applied to it; thus it is hard to 
impose a certain value of consumed power in the resistive load. The easiest way to model 
a load with a specified power is by using of a voltage regulator with a resistive load, as 
shown in Fig.54. The voltage at the output node is regulated to be equivalent to a 
reference voltage using a controller. Because of fixing the voltage at the output node to a 
certain value, the power consumed at the output node is now fixed and can be obtained 
by           
      . The value of power can be changed by changing the values of 
reference voltage or output resistance (Rout). The Simulink model of the voltage regulator 
shown in Fig.55 is proposed by Colorado Power Electronics Center [19] and it was 
adjusted to fit properly with the whole system. 
 
Fig. 54: The Load Model using a Voltage Regulator 
 
Fig. 55: The Simulink Model of Voltage Regulator 
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In this Chapter, the full description of the algorithm used in PDCU is presented. 
Moreover, the design and implementation of this unit are studied in addition to 
integrating it with the final proposed system. The simulation of the final proposed system 
in different cases is presented at the end of this chapter. 
5.1. PDCU Algorithm 
 
The proposed algorithm for the PDCU is shown in Fig.56. This algorithm is 
considered the brain of the PDCU unit. It defines a specific system mode of operation 
depending on the availability of solar power, the required power to be supplied to the 
load and the battery state of charge.  
The algorithm starts by examining these parameters then it makes some 
comparisons to define the state of the system. At the beginning, it checks if the load is 
switched off, so that the PDCU can route the solar power to charge the battery. If the load 
is on and consuming power (PL); the load power is compared to the solar power (PS) to 
determine the capability of the solar panel to drive the load alone or not. If the solar 
power is enough and higher than the load power, then the solar can derive the load and 
the remaining power will be used to charge the battery. Also, if the solar power is 
equivalent to the load power, the PDCU will use this amount of power to drive the load, 
but this situation is considered to have a low probability of occurrence. On other hand, if 
the solar power is not sufficient to supply the load, the battery or the AC/DC external will 
be used as a secondary source to complement the remaining power to the load. In this 
algorithm, the PDCU makes use of the AC/DC external, if it is connected, to avoid 
discharging the battery while an AC/DC external source is plugged in. For this purpose, if 
the AC/DC external is plugged in, then the PDCU will use it to supply the remaining 
power and to charge the battery if it is not charged. If the AC/DC external is not plugged 
into the system, the PDCU uses the battery as a secondary source along with the solar 
source to support the load power. If the battery is not charged, then the PDCU can't 
support the load power and the DC external should be plugged in to keep the load 
running. After defining the current state and configuring the system to this state, the 
algorithm is repeated after another sample of time to define the new state if any changes 
happen to the parameters: Load power, solar power and battery state of charge. 
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Fig. 56: PDCU Algorithm 
  In the next part, the mixing and routing mechanisms used by the PDCU for each 
case defined in the algorithm, are introduced. The two proposed blocks are: the mixer and 
the router. The idea and simulation for each block are presented. 
5.2.  Mixing 
 
If the solar power is not enough to supply the load power, the remaining power 
should be coming either from the DC external or the battery. To do that, a mixing 
mechanism should be proposed at the input side of the PDCU to combine the solar power 
from one side and the AC/DC external or the battery power from the other side. The 
mixer can be implemented by the simple architecture shown in Fig.57. 
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Fig. 57: Mixer Architecture  
In this architecture, source 1 is connected to the load during duty cycle (D) and 
source 2 during the complement of duty cyle (D') in a single switching period, where: D 
+ D' = 1. This means that each source is assigned a certain time slot to deliver its power 
to the output. A low pass filter is used after the switch to get the averages of the signals at 
the output node. 
To analyze this architecture using equations, start with basic equation (46) that 
states the power at the load side must be equal to the summation of power from the two 
sources. 
                                                             (46) 
So,   
                                                            (47) 
 And hence    and    are relating to      with the same relations as buck converter 
so,             and (          ). 
 So, equation (47) can be rewritten as equation (48). 
                                                             (48) 
 This means that output voltage is related to input voltages by equation (49); which 
shows that each source is contributing to the output voltage depending on the timeslot 
assigned to each source. 
                                                                    (49) 
 For further illustration, a resistive load is used, then the power supplied by source 
1 and 2 can be found by equations (50) and (51). It can be shown that, for a two similar 
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sources (V1 = V2), they can supply different power values depending the value of timeslot 
of each source (D and D'). 
                    
    
 
       
          
 
                     (50) 
                      
    
 
        
         
 
                   (51) 
 This mixing architecture and the previous equations can be verified using 
Simulink. This can be implemented using the buck converter Simulink model with an 
added input port. The duty cycle of that port is the complement signal of duty cycle (D') 
(as shown in Fig.58). The average input current for the second input port is obtained 
using the same way used before to obtain the average input current using the inductor 
current. The model of mixer is tested with two sources of 10V and 5V with a duty cycle 
D = 0.5 (i.e. D' = 0.5). The model shows the measured value of output voltage which is 
similar to the value calculated in equation (49), in addition to the power values calculated 
in (50) and (51) with considering the power loss as shown in Fig.59. 
 
Fig. 58: Mixer Model Using Simulink 
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Fig. 59: Testing the Mixer Model Using Simulink 
 The similar idea can be used in the proposed photovoltaic system. The mixer 
block can be inserted after the buck converter of the photovoltaic source. However, as 
mentioned before, the mixer architecture is very similar to the buck converter 
architecture. So, to make use of this advantage, the mixing operation can be implemented 
in the photovoltaic buck converter. The buck converter is responsible for tracking the 
maximum power of the photovoltaic source with a duty cycle (D) and the complement of 
this signal (D') will be used to connect the secondary source as shown in Fig.60. This 
solution avoids using two power regulator stages (one for the solar to track the max 
power, and one for mixing); this will decrease power loss and remove overhead circuitry. 
 
Fig. 60: The Proposed Mixing Technique 
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 The proposed architecture was implemented on Simulink. For testing, the load is 
modeled as a simple voltage regulator as shown before with a resistance equal to 2Ω and 
Vref of 5.5V. The output power then is nearly 15W. At the beginning of the operation, the 
MPPT tries to find the solar maximum power and the AC/DC external support the 
remaining power required by the load. As the MPPT algorithm increases the solar power, 
the power supplied by the AC/DC external decreases. The model is shown in Fig.61. The 
power supplied by solar is 9.5W (Max. Point) and the remaining power is delivered by 
the AC/DC external (7.1W).  
 
 
Fig. 61: The PV System with the Proposed Mixing Technique 
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5.3. Routing 
 
 If the harvested power is higher than the power needed by the load to operate, the 
incoming power should be routed to the load and the battery. A power router is 
constructed to achieve this task. The basic idea of the routing mechanism is similar to the 
mixing technique. In this block, if there are multiple loads, each load is allocated a certain 
portion of the incoming power depending on the duty cycle (D) granted for this specific 
load. To increase the amount of power fed to a certain load, the duty cycle D should be 
increased and vice versa. Due to the switching between different loads, the incoming 
power for each load is discontinuous; so a low pass filter is used to get a continuous 
power (equal to average) as described in Fig.62. 
 
Fig. 62: Routing Power to Many Branches 
 It is useful to derive a formula for the equivalent input resistance to understand 
the behavior of this architecture. Assume a simple case: two branches with two resistive 
loads as shown in Fig.63. The input power is supplied to R1 during duty cycle equal to 
(D) and to R2 during the remaining time of the switching period (D’). 
 
Fig. 63: Routing Power to Resistive Loads 
 To calculate the input resistance (Req), start with this equation: 
                                                              (52) 
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 Then substitute with power as function of voltages: 
    
   
 
   
 
  
  
   
 
  
                                               (53) 
 And since Vo1 & Vo2 can be related to Vin through buck converter relations ( 
                          
So,  
    
   
 
       
  
  
        
  
                                            (54) 
 Thus, the input resistance can be found by equation (55). 
 
   
 
  
  
  
   
  
                                                       (55') 
 
   
 
 
  
  
 
  
 
  
   
 
                                               (55) 
 From equation (55), it can be noticed that this architecture is equivalent to two 
parallel resistances with the ability to control the values of these resistances through D 
and D'; thus controlling the power consumed in each branch. 
This behavior can be verified by implementing this architecture on Simulink as 
shown in Fig.64. Two resistive branches are used with equivalent values of 10Ω. The first 
branch is allowed to have 70% of the switching period which means D equals 0.7; hence 
D' will be 0.3. The simulation shows that each branch receives a different amount of 
power depending on the values of D and D'. 
 This idea proves the ability of routing different amount of power to many 
branches. In the proposed system, two branches are needed: one for the system load and 
the other is for battery. However it is not a straight forward operation due to some 
constraints enforced by the battery. In the charging phase, the voltage applied to the 
battery must be higher than the minimum voltage of the battery. But, by using the routing 
algorithm directly as presented above, the voltage applied to the battery (Vo2) can reach 
values smaller than the minimum battery voltage if the corresponding time slot (D') is 
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small. So, there is no guarantee that the voltage after the router will be higher than the 
required charging voltage of the battery. Still, this routing mechanism can be useful in 
other applications such as smart grids, where several loads are connected to the system 
and the power can be controlled in each load. For example, if a fan and lamp are 
connected to the system, then at daytime, the power routed to the fan can be higher than 
the power routed to the light, and vice versa at night times. 
 
Fig. 64: Simulink Model of a Routing Mechanism  
 Other solutions for the routing mechanism were studied. In Fig.65, the battery and 
the load are setup in a parallel construction directly after the mixer output. Adding a 
voltage regulator before the load resistance (RL) will force the equivalent resistance of 
this branch to be (     
  ); which is considered a large value to maintain the condition 
expressed in equation (45) valid. This architecture was implemented on Simulink and 
observed mathematically. It was found that, there are two contradicting equations for the 
value of output voltage node (Vout). The first one comes from the mixer architecture as 
shown in equation (49). The second one states that the output voltage node will be 
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equivalent to the battery voltage which is a fixed value. So, if both equations are put 
together as shown in equation (56), it can be noticed that to satisfy both equations, the 
value of duty cycle (D) should be small as voltage of solar panel (Vpvm) is large.  
 
Fig. 65: Connecting Battery and Load directly with the Mixer 
 
                                                               (56) 
 Consequently, the MPPT will be hampered by this condition in its task to search 
for the suitable duty cycle. As a result, the maximum power of solar cell won't be tracked. 
This behavior was verified by simulation on Simulink. 
 Thus, the battery can’t be connected directly to the output voltage node. This can 
be solved by adding a voltage regulator block in series with the battery as shown in 
Fig.66. The block regulates the voltage applied to the battery, which means charging the 
battery with a constant voltage. For the case in which the solar cell is used to power up 
the load and the battery, the difference between the solar harvested power and the load 
power will be going to the battery branch. If this power is low, this means that the voltage 
regulator in the battery branch won't be able to regulate the battery voltage to match the 
reference voltage; rather, it will regulate it at a lower value. In some cases, this value can 
be lower than the reference voltage; however it may still be higher than the battery 
minimum voltage which provides a proper charging operation. But this solution doesn't 
guarantee a proper charging operation in all situations as it depends on the available 
power allocated for the battery. 
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Fig. 66: Battery with a Voltage Regulator 
 All these issues can be solved by configuring the system to work in two modes of 
operation. In the final proposed solution, if the system is working using a solar source 
only without using the mixer, then the battery can be connected directly without a voltage 
regulator, and the charging in this case is achieved by delivering the maximum power 
obtained by the solar source to the load and the battery, which is similar to the MPPT 
Chargers. On other hand, if the solar source is supplying the power with the help of the 
AC/DC source using the mixer, then the battery cannot be connected directly as shown 
before, rather, it can be connected with a voltage regulator to be charged. In this case, the 
battery is isolated from the mixer output voltage node, in addition, it is guaranteed that 
enough power will exist through the AC/DC source to charge the battery, and the voltage 
regulator of the battery will be capable of regulating the voltage battery at the desired 
reference voltage (~4.8V). The final solution is proposed in Fig.67, which shows the two 
modes of operations with the two loops proposed to guarantee a valid charging operation 
for the battery under PV system. 
 
 
Fig. 67: The Final Proposed System 
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5.4. Full Model and Simulation Results 
 
 In this part, the full model of the proposed system and simulations of all possible 
cases will be shown. These cases are identified in the PDCU algorithm as shown before. 
The final proposed system is validated by testing all the possible cases.              
The full model of the proposed system is shown in Fig.68. It contains the model 
of sources (Photovoltaic source and AC/DC external), the battery, the load and the model 
of the proposed source power management control unit. The PDCU unit determines the 
suitable case depending on the values of solar power, load power, battery state of charge 
(SOC) and the availability of DC external power. After determining the case, the PDCU 
configures the system using some control signals (X1, X2, X3, X4, X5, Mode, enbatt, 
enVRbatt, and F) as shown in Fig.68.  
  The signal (X1) selects the secondary source that will be used in case of 
insufficient power using multiplexer MUX 1. Multiplexers, MUX 2, 3 and 4 are used to 
configure the battery loops depending on the current case of the system. In case of the 
battery discharging, the multiplexer MUX 2 is used to connect the average input current 
of the secondary source in the mixer to the corresponding port in the battery model. In 
addition, multiplexers MUX 3 and 4 are used to choose whether to charge the battery by 
the MPPT loop or by connecting it to a voltage regulator as described before.  
The selection signals of these multiplexers are X2, X3 and X4. The signal X5 is 
used to pass the value of the load current in case of a running load and zero if the load is 
off. The Mode signal is used to select the battery mode: whether charging or discharging. 
The signals (enbatt and enVRbatt) are used to enable the battery and the battery voltage 
regulator respectively. The last signal F is an indicator signal which is used to indicate if 
the whole system is functional or there is a lack of power to support the load power, so 
the user can plug the DC external. 
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Fig. 68: The Full Model of the Proposed System on Simulink 
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As an example, the values of these control signals for a simple case in which the 
DC external and solar power are used to supply load power can be obtained as: ("X1"=2; 
to select the DC source, "X2"=2; as there is no discharging in this case, "X3"=2; It can be 
any value as no battery is used in this case, "X4"=3; to pass a zero charging current for 
the battery, "X5"=1; to pass the load current, "Mode"=1; it can be any value, "enbatt=0" 
and "enVRbatt"=0; as the battery is disabled in this case, F=1; to indicate that the system 
is running properly). The values of control signals in all cases are described in the 
algorithm implemented in PDCU unit in Appendix A. 
 
Case 1: Solar source and DC external supplies power for load and battery to charge 
 For this situation, all the components of the proposed system are used. In this 
case, the load power is greater than the photovoltaic power. Also, it is assumed that the 
battery is not charged. In addition, the AC/DC external is plugged in, so it is used to 
supply the remaining power of load and charge the battery. The load is running at nearly 
11 Watts, by regulating the voltage at 2V at an output resistance of 0.35Ω. The voltage 
regulator of the battery charges it by maintaining the voltage applied to the battery at 
4.8V. The maximum photovoltaic power of 9.5Watts is tracked at duty cycle of 0.08 as 
shown in Fig.69.  
The value of the AC/DC external source is mainly determined by the desired 
voltage used to charge the battery; the output node voltage of the mixer should be greater 
than the voltage applied to the battery. Thus, a value of 6.5V is used to assure that the 
battery voltage regulator will be able to regulate the battery voltage at 4.8V. In Fig.70, all 
the values of the power supplied and consumed are shown. After tracking, the 
photovoltaic source supplies 9.5Watts and the AC/DC external source supplies nearly 
45Watts, so the total input power will be around 55Watts. The load consumes a power of 
11 Watts, while the battery is charged by power up to 28 Watts due to the large charging 
current used.  
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The ratio between the input power supplied by the sources and the output power 
fed to the load and battery is nearly 72% due to the power lost in different power 
conversion stages. In Fig.71, the voltages of different nodes are shown. The mixer output 
voltage is guaranteed to be higher than the voltage applied to the battery. The voltage at 
the load node is regulated at 2V as shown. 
 
 
 
 
 
 
 
 
 
 
Fig. 69: Tracking the Maximum Power of Photovoltaic Source in Case 1 
 
Fig. 70: Power Graph of All Nodes in Case 1 
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Fig. 71: Simulation of All Voltage Nodes in Case 1 
 
Case 2: Solar source and DC external supplies power for load only 
 In this case, only the load is supplied by the solar power and the remaining power 
is coming from the AC/DC external source. The maximum power of the solar source is 
tracked at Duty cycle of 0.37. The value of duty cycle is greater than the value of 
previous case, as the equivalent output resistance seen by the solar cell is increased in this 
case by connecting the load only. Adding the battery in parallel with the load in previous 
case results in a smaller equivalent input resistance; hence the duty cycle was too small.  
Fig.72 shows the variation of solar power with changing the duty cycle to reach 
the maximum power. It is shown that the power supplied by the AC/DC external source 
decreases with increasing the solar power to maintain the power supplied to the load 
fixed at nearly 11Watts. The voltage at the mixer output node and at the load output node 
is shown in Fig.73. The mixer output voltage is used to regulate the voltage at load node 
at 2V. 
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Fig. 72: Power Graphs in Case 2 
 
Fig. 73: Regulating Load Voltage Using Mixer Output Voltage  
74 
 
Case 3: Solar source and Battery supplies power for load 
 In this situation, the solar power is not enough to supply load power and the 
AC/DC external is not plugged in. Therefore, the battery along with the solar source is 
used to supply the required power. This case is similar to case 2; the battery power will 
decrease as the solar power is increasing to track the maximum power as shown in 
Fig.74.  
Fig.75 shows the voltages of different nodes such as battery voltage, load voltage 
and mixer output voltage. Due to the discharging process in this case, the battery voltage 
will decrease linearly as the discharging current is constant. It is noticed that the battery 
voltage is decreasing with a small step because a small window of simulation is used, so 
a small part of the graph is shown. 
 
Fig. 74: Power Graph of Case 3 
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Fig. 75: Voltages Graph of Case 3 
 
 
Case 4: Solar source supplies power for load and Battery 
 In this case, the load is consuming low power so the solar power will be enough 
to support the load power, in addition to charging the battery, if it is empty. As mentioned 
before, for this case if the mixer is not used, then the battery will be charged by 
connecting it directly to the output of the solar power without using a voltage regulator. 
There will be no worries of violating the condition (45) as the load resistance is 
connected to a voltage regulator, which increases the equivalent input resistance seen at 
load’s terminals; however values of (RL) used shouldn't be smaller than 1Ω; which can 
violate this condition. A load resistance of 1Ω and the voltage is regulated at the load at 
1V so the power consumed by the load is 1Watts. The remaining power from the 
photovoltaic source (7Watts) will be used to charge the battery as shown in Fig.76.  
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The load voltage is regulated at 1V as shown in Fig.77. The output voltage from 
the photovoltaic source is greater than the battery minimum voltage (3.5V). The battery 
voltage is increasing with a small step; as this simulation has a small window size (50 
msec).  
By charging the battery, the battery voltage (VDC + Vci) will increase; hence the 
duty cycle value used track the maximum power of photovoltaic source will increase 
according to equation (43). Increasing the value of duty cycle leads to an increase in the 
photovoltaic output voltage value used to charge the battery; hence maintaining the 
charging operation running properly. In Fig.78, the battery is simulated with an initial 
capacitor voltage (Vci) of 0.5V; which means (SOC = 35% Charged). In this simulation, 
it is shown that the photovoltaic output voltage is increased as the duty cycle increased. 
 
Fig. 76: Simulation of Different Power Nodes in Case 4 
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Fig. 77:  Simulation of Voltages in Case 4 with Uncharged Battery (a) Voltages  (b) Duty 
 
 
 
Fig. 78: Simulation of Voltages in Case 4 with 35% Charged Battery (a) Voltages (b) Duty 
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Case 5: Solar source supplies power for load only 
 In this case, the solar power is enough to supply the load power and the remaining 
power can be used to charge the battery. If the battery is already charged, the remaining 
power will be wasted. From simulations, the MPPT will try to track the maximum power 
from the solar source, but it won't be able to increase it above the actual load power. It is 
shown in Fig.79 that MPPT increases the duty cycle to reach the maximum power of 
solar cell but the power won't increase above the required power by load. 
 
 
Fig. 79: Power Curves for Case 5 
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CHAPTER SIX 
PROTOTYPE AND FUTURE WORK 
 
uilding a prototype for the proposed system is the second step to realize 
this system and help in testing this concept. In this chapter, a succinct 
overview of the prototype phase is presented. In addition, the possible 
future work in this project is highlighted in the second section.  
 
6.1. Prototype 
The prototype phase is taking place at Intel Circuit Research Lab (CRL) and it is 
still under progress. The system prototype is developed for Tablet application under PV 
harvested energy, where the MPPT is designed and implemented with a microcontroller. 
The microcontroller measures the current and voltage values (IPV and VPV) of PV source, 
then applying the MPPT algorithm to select the appropriate duty cycle (D) to track the 
photovoltaic maximum power as shown in Fig.80.  
The PV source used in the prototype can either be a solar emulator such as 
Agilent Solar Array Simulator (SAS) [24], or a solar panel with a light source. The role 
of the power distribution control unit (PDCU) in this prototype is limited to observing the 
power of load and the PV array. The SAS provides more flexibility in testing the system 
as it can be programmed to various climate conditions. The Tablet is designed with an 
Intel Atom microprocessor (1.5 GHz), 2GB on board memory and 32GB SSD, running 
under Window 7 OS. A battery pack of 3-cell series, ~25WHr is installed in the system. 
The selected PV panel is a BP solar SX310, open-circuit voltage Voc of 21V, short-
circuit current Isc of 0.65A and max output power of ~ 10W at intensity of 1 Sun light 
(1000W/m
2
). A step-down Buck dc/dc converter is applied with a microcontroller C8051 
from Silicon Laboratories. 
B 
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Fig. 80: Block Diagram of the System Prototype 
The initial prototype so far assumes that the Photovoltaic power is always greater 
than the load power. The preliminary results show a successful tracking of the maximum 
power of the photovoltaic source using a tablet application as a load. The duty cycle is 
varied until the maximum solar power is reached as shown in Fig.81. The MPPT 
algorithm used for these results is "Perturb and Observe" algorithm.  
The next task in prototyping is to integrate the DC external source using the idea 
presented in the proposed model. This can help in testing cases of insufficient 
photovoltaic power.  
 
Fig. 81: Testing of MPPT using a Tablet as a load 
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6.2. Future Work 
There is still some research work to be done in the modeling phase and also in 
prototyping. In the modeling, the proposed idea for MPPT using a three values parabolic 
approximation should be presented with a complete algorithm coupled with a simulation 
testing under variable PV conditions (environmental conditions). Basically, this idea 
proved to have a good impact on increasing the speed of searching which can enhance the 
overall system performance. On the other side, the power control unit should be inserted 
and fully optimized in the prototype based on the tested model from simulations. 
The proposed model contains many power conversion stages; which leads to 
some losses in these stages. Combining these stages together or reducing the number of 
used stages can further enhance the overall performance of the proposed system. As an 
illustration, combining the battery voltage regulator with the one used for the 
photovoltaic regulator as presented in [4]; such the output current is regulated at certain 
reference value to charge the battery. In this case, tracking the maximum power can be 
achieved by changing the value of reference current as shown in Fig.82. 
 
Fig. 82: Regulating Output Current to Charge the Battery [4] 
In addition, some sophisticated charging techniques can be used to enhance the 
performance of the charging operation. In this work, a simple method was used to 
simplify the whole system. The dual mode technique proposed by Chen et. Al [14] can be 
used to offer an optimized charging operation. In this technique, the battery is charged in 
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two phases. In the first phase, the battery is charged by a constant current, and then in the 
next phase, it is charged by a constant voltage as shown in Fig.83. This technique 
improves the battery lifetime and enhances charger efficiency. 
 
 
Fig. 83: Dual Mode Charging Technique [14] 
Integrating solar cells into mobile platforms is under research by different 
companies in order to extend battery life using solar energy. Integrating big cells of areas 
up to (16.57"x 10.59") with a tablet or a laptop without affecting its shape or weight is 
considered quite complex and challenging. There is an undergoing research on 
integrating solar cells in the back of led display of mobile platforms. In this idea, the light 
emitted by the led display can be transformed into a useful power. Also, the led display 
can be opaque, so that the sun light can reach the solar cells; hence more power can be 
harvested. More research is needed to explore this idea from different aspects such as 
finding suitable materials to be used for the solar cells, in addition to achieving a 
reasonable efficiency [25].   
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CHAPTER SEVEN 
CONCLUSION 
 
obility along with battery life has been one of primary demands on 
computing and communication devices such as Tablet PCs or 
Smartphone. Photovoltaic (PV) energy provides an alternative 
power source to a conventional AC Grid utility due to its availability. Applying PV 
harvested energy into mobile and handheld platforms will enhance the performance and 
increase battery life time. 
 A new power management scheme under alternative power was developed for 
mobile and handheld platforms. A complete modeling of this system was implemented to 
test and verify the conceptual design. In addition, a new idea for maximum power 
tracking is proposed to enhance the speed of MPPT process with providing a good 
accuracy. In this research work, the photovoltaic source behavior was studied with 
different types of basic loads. Then depending on these studies, the complete proposed 
system was built.  
The proposed system was simulated at all different cases of operation. 
Simulations showed that the power management system utilizes the photovoltaic power 
to support the load power and to charge the battery in case of enough photovoltaic power. 
In addition, the power management system uses a mixing technique between the 
photovoltaic source and a secondary source in case of insufficient photovoltaic power to 
provide the required load power. The secondary source can be the battery, if it is charged, 
or an AC/DC external that can be plugged into the whole system. 
Based on the studies done on the battery with a photovoltaic source, the proposed 
power management system uses two modes of operations to charge the battery. If the 
photovoltaic source is used alone, the battery will be connected directly to the 
photovoltaic source in parallel with the load. In this case, battery charging is based on the 
M 
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MPPT charging mechanism. On the other hand, if the AC/DC external source is used as a 
secondary source, the battery is charged using a constant voltage. Battery charging in this 
case utilizes the presence of enough power supplied by the AC/DC external to speed up 
the charging operation.  
   Consequently, a preliminary prototype with MPPT and a power distribution 
control unit (PDCU) is being currently implemented for tablet applications at Intel 
Corporation. Implementing a full PDCU unit and integrating it with the whole system 
will enhance the overall performance of the PV based system and will provide a simple 
“plug-and-play” model to apply the photovoltaic power for mobile applications. This 
prototype will prove possibility of building such system and it will pave the way to 
another area of research that is targeting the possibility of integrating solar cells into 
mobile platforms so that it can be convenient for the customer usage.   
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Appendix A 
1. MPPT Code Function 
 
Initialization 
 
global Duty; 
global Increment; 
global Pold; 
  
Pold = 0; % initial value for the sensed power 
Duty = 0.15; % initial value for the current reference 
Increment = 1; % initial direction: decrease reference current 
 
MPPT Function 
 
function y = MPPtrackIref(P) 
  
global Pold; 
global Duty; 
global Increment; 
  
  
  
DutyH = 1; % upper limit for the duty 
DutyL = 0; % lower limit for the duty 
DeltaI = 0.01; % reference duty increment 
  
if (abs(P-Pold) > 10e-3) %avoid oscillation if power difference is small 
     
    if (P <= Pold) 
        Increment = -1*Increment; % change direction if P decreased 
        Duty = Duty + (Increment*DeltaI); 
    else 
        Duty = Duty + (Increment*DeltaI); 
    end 
     
end 
  
  
% check for upper limit 
if (Duty > DutyH) 
    Duty = DutyH; 
end 
  
% check for lower limit 
if (Duty < DutyL) 
    Duty = DutyL; 
end 
  
% save power value 
Pold = P; 
  
%writing outputs 
y(1) = Duty; 
y(2) = Pold; 
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2. Code of The Disconnecting Battery Function in case of Overcharging or 
Discharging 
 
Initialization 
 
% initializes batterysafety 
  
global a;  %a selection signal used to pass the normal input voltage  
           % or a fixed value in case of overcharging 
global b;  %a selection signal used in case of overdischarging to pass 
           % a zero current or the actual value in normal cases 
  
%initially selects the normal inputs 
a = 2;    
b = 2; 
 
Basic Function 
 
function y = batterysafety(SOC) 
  
global a; 
global b; 
  
  
  
if (SOC >= 0.95) % battery is overcharged 
    a = 1;% select input 1 which is a fixed voltage value (floating battery) 
else 
    a = 2; % pass the normal input 
end 
  
if (SOC <= 0.15) % battery is overdischarged 
    b = 1; % pass a zero discharging current (disconnect battery) 
else 
    b = 2; % pass the normal discharging current signal 
end 
  
     
% writing values of a and b to output 
y(1)= a; 
y(2) = b; 
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3. Code Function Implemented in PDCU 
 
function y = PDCU(u) 
  
global X1; 
global X2; 
global X3; 
global X4; 
global X5; 
global Mode; 
global enbatt; 
global enVRbatt; 
global F; 
  
%reading inputs 
PS = u(1); 
PL = u(2); 
SOC = u(3); 
DC = u(4); 
  
  
if (PL == 0) % The Load is off, then 
Battery is charged 
    X1 = 3; 
    X2 = 2; 
    X3 = 2; 
    X4 = 2; 
    X5 = 2; 
    Mode = 1; 
    enbatt = 1; 
    enVRbatt = 0; 
    F = 1; 
end 
if ( PS == PL ) % Solar Power will be 
supplied to load only 
    X1 = 3; 
    X2 = 2; 
    X3 = 2; 
    X4 = 3; 
    X5 = 1; 
    Mode = 1; 
    enbatt = 0; 
    enVRbatt = 0; 
    F = 1; 
end     
if ( PS < PL ) 
    if ( DC == 1) 
        if ( SOC > 15 ) % Solar power and 
DC external are used to charge battery 
and supply load power 
            X1 = 2;      
            X2 = 2; 
            X3 = 2; 
            X4 = 3; 
            X5 = 1; 
            Mode = 1; 
            enbatt = 0; 
            enVRbatt = 0; 
            F = 1; 
        else        %Solar power and DC 
external are used to supply load power 
only as the battery is fully charged 
            X1 = 2;   
            X2 = 2; 
            X3 = 1; 
            X4 = 1; 
            X5 = 1; 
            Mode = 1; 
            enbatt = 1; 
            enVRbatt = 1; 
            F = 1; 
        end 
    else 
        if ( SOC > 15 ) % DC isn't 
plugged in so battery and solar powers 
are used to supply load power 
            X1 = 1;      
            X2 = 1; 
            X3 = 2; 
            X4 = 3; 
            X5 = 1; 
            Mode = -1; 
            enbatt = 1; 
            enVRbatt = 0; 
            F = 1; 
        else          % Battery is empty, 
DC isn't connected and solar power is 
insufficient so the system is not 
functional 
            X1 = 3;    
            X2 = 2; 
            X3 = 2; 
            X4 = 3; 
            X5 = 1; 
            Mode = 1; 
            enbatt = 0; 
            enVRbatt = 0; 
            F = 0; 
        end 
    end 
     
else 
    if(PS > PL)  % Solar power is enough 
to supply load power and charge battery 
        X1 = 3;   
        X2 = 2; 
        X3 = 2; 
        X4 = 2; 
        X5 = 1; 
        Mode = 1; 
        enbatt = 1; 
        enVRbatt = 0; 
        F = 1;  
    end 
end 
  
% writing all control signals to output 
y(1)= X1; 
y(2)= X2; 
y(3)= X3; 
y(4) = X4; 
y(5)= X5; 
y(6)= Mode; 
y(7)= enbatt; 
y(8) = enVRbatt; 
y(9) = F; 
 
